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Abstract: There are complex interactions among various services in mountain ecosystems, and
the optimization of ecosystem spatial patterns based on the trade-offs and synergies of mountain
ecosystem services can effectively improve the comprehensive benefits of a multi-ecosystem service.
Jieshi Mountain is a typical historical and cultural mountain in China, and its social and economic
development is at the average level in China. It is of great significance to explore the ecosystem
services and mountain environmental factors in the trade-offs and synergies of ecosystem services
to promote the coordinated development of the man–land relationship. Based on an evaluation of
ecosystem service value and comprehensive analysis of the spatial and temporal pattern of trade-offs
and synergies in the Jieshi Mountain area from 1980 to 2020, the spatial differentiation of the trade-
offs and synergies of four key ecosystem services—water yield, soil retention, carbon storage, and
habitat quality—were identified. We found that carbon storage-soil retention and habitat quality-soil
retention have a strong trade-off relationship, and the area accounts for a relatively high proportion.
In terms of land-cover types, the frequency of the synergistic effect between woodland and cultivated
land is higher. There are different correlations between ecosystem service trade-offs and synergies
among mountain environmental factors, among which elevation has a higher influence on synergy.
Identifying the trade-off and synergy relationship between ecosystem services helps in making
decisions about different mountain landscape planning and management strategies.

Keywords: mountain ecosystem services; trade-offs and synergies; temporal and spatial changes;
Jieshi Mountain

1. Introduction

Scholars in the field of ecology put forward the concept of “ecosystem services” by
studying the relationship between the ecosystem and human beings [1]. The evaluation,
maintenance, and promotion of ecosystem services have become a global focus. Research
shows that the real interaction between different ecosystem services is complicated [2,3],
but it can be abstractly summarized as synergies and trade-offs [4,5]. Due to the influence
of people’s demand preferences for ecosystem services, when people consume one or
several ecosystem services, they consciously or unconsciously affect the provision of other
ecosystem services, which results in the trade-offs and synergies in ecosystem services [4].
The synergy of ecosystem services means that consuming certain ecosystem services causes
an increased (win-win) or decreased (double-loss) impact on the related ecosystem services.
At present, exploring the trade-offs and synergies between different ecosystem services has
become one of the core issues in ecosystem services research [6].

Research into the spatial change between ecosystem service trade-offs and synergies
has become a trend in the landscape, ecology, geography, and other related research
fields [7,8]. Different services depend on different land-cover types and environmental
factors [9], and land-cover types and spatial distribution are one of the direct driving
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forces affecting the spatial pattern and quantity changes in ecosystem services [10–13]. The
research shows that the supply of ecosystem services has distinct spatial heterogeneity [14],
and the change in ecosystem service supply caused by land-cover changes is one of the early
research focuses. It is a common practice in the world to improve ecosystem services by
adjusting land-use policies. For example, the Payments for Ecosystem Services (PES) policy
provides financial incentives to landowners to maintain or enhance ecosystem services [15];
however, due to the objective existence of trade-offs and synergies of ecosystem services,
the promotion of a certain ecosystem service may undermine other services without fully
recognizing this relationship. A trade-off relationship between provisioning service and
culture or regulation service is found [16,17], and whether this relationship is valid in all
kinds of landscape types remains to be further studied [18,19]. At present, the research
on the trade-offs and synergies of ecosystem services mostly focuses on marine, farmland,
wetland, and other ecosystems, and the impact of these ecosystem services on human
well-being [20–22], while the research on mountain ecosystems is not sufficient.

Mountainous areas provide a variety of ecosystem services, with rich geographical
features and natural resources [23]. The horizontal and vertical heterogeneity of moun-
tainous areas has a significant impact on water sources [24], soil and vegetation, and then
leads to a change in landscape pattern [25,26]. Large mountain systems (Qinghai-Tibet
Plateau, Andes, etc.) could even further affect the distribution and change of total ozone
in the atmosphere through their influence on atmospheric circulation [27]. The effective
maintenance and management of mountain landscapes can not only have a positive impact
on cultural ecosystem services [28] but also has many benefits in terms of biodiversity
and regulation services (such as flood mitigation, erosion control, nutrient cycling) [29,30].
Schirpke et al. [31] found that there is a trade-off between the aesthetic value of mountains
and wood production, carbon storage, and soil retention after evaluating a number of ecosys-
tem service indicators in South Tyrol, Italy There are complex interactions among various
ecosystem services in mountain ecosystems [32] and sufficient attention should be paid to the
balancing of trade-offs and synergies in mountain natural environment management [33].

Approximately 22% of the world’s population lives in mountains, and more people are
directly affected by mountain ecosystems [34]; for example, residents around the mountain
get food, water, and fuel from the mountains, and a wider range of residents are affected by
the climatic conditions formed by the mountains. The growing population leads to a higher
demand for mountain ecosystem services [35,36]. As a mountainous country, mountainous
area is a very common topography in China, with multiple landform types and mountain
landscapes. Mountainous areas take about 6.5 million km2, accounting for about 2/3 of
the total territory [37]. Compared with plains, the mountain ecosystem is rather fragile
and sensitive and greatly affected by environmental change. Therefore, in addition to
land-cover changes in mountainous areas, the trade-offs and synergies between mountain
environmental characteristics and ecosystem services are also worthy of attention.

In China, hilly mountainous areas are the landforms that are inhabited the most by
human beings, with the integration of natural landscape and cultural heritage. The highest
peak of the Jieshi Mountain is 691 m above sea level. Jieshi Mountain is influenced by
urban development and is strongly affected by wind and water erosion. It has the typical
mountainous characteristics of eastern Hebei Province, and has experienced quarrying
since the 1970s and was ecologically restored after quarry shut-downs in 2017. Exploring
the level of ecosystem services in this region and the role of mountain environmental
factors in the trade-offs and synergies of ecosystem services is of great significance for
understanding the relationship between mountain ecosystem services and human well-
being [33]. The Integrated Valuation of Ecosystem Services and Trade offs (InVEST) model
realizes the spatialization of a quantitative evaluation of ecosystem service function value
by simulating the changes in the material quality and value of ecosystem service under
different land-cover scenarios. This study mainly uses the InVEST model to evaluate the
four main ecosystem services in Jieshi Mountain, water yield, soil retention, carbon storage,
and habitat quality, combined with the correlation analysis method, to analyze the trade-off
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and synergy between services, and to further study its relationship between land-cover
and environmental factors.

2. Materials and Methods
2.1. Study Area

Jieshi Mountain is located at the southernmost tip of the remaining vein of the east-
ern section of Yanshan Mountain in northern China and belongs to the piedmont plain
(Figure 1). It is mainly a low mountainous and hilly area, where the Jieshi Mountain Scenic
Area and surrounding counties are located, covering an area of 350 square kilometers. The
annual average precipitation is 602.8 mm [38]. The vegetation has typical characteristics of
North temperate-zone plants. The study area consists of 9 townships and 119 administrative
villages, with a population of about 171,500 and a population density of about 450 people/km2.
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Figure 1. Location of Jieshi Mountain, China.

There is a long history of interaction between humans and the environment in Jieshi
Mountain. As the gateway from the Central Plains to the northeast border area, nine
emperors have climbed Jieshi Mountain in history. Liuhe, Baozigou, and Grape Valley have
a wine-brewing history of more than 300 years; they are one of the main grape-producing
areas in China and have become important industries and tourism resources in the region.
Since being quarried in the 1960s, Jieshi Mountain has mined 1–1.5 million tons of ore each
year, forming a mine area of 450,000 square meters. Quarries began to be gradually shut
down in 2010. Since 2015, the government has started to restore these abandoned mines
and carry out ecological restoration on nearby mountains.
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2.2. Data Requirements and Preparations

Spatial mapping of ecosystem services can reflect the spatial location characteristics of
various ecosystem services, and provide quantitative and intuitive visual expression for
the decision-makers, stakeholders, and beneficiaries involved in the decision-making pro-
cess [39,40]. The spatio–temporal dimensions of ecosystem service trade-offs and synergies can
be presented efficiently and intuitively through mapping. Therefore, in this study, the InVEST
model is used to evaluate various ecosystem services, and data preparation and processing are
carried out according to the data requirements of the InVEST model. Basic data such as the
Digital Elevation Model (DEM), Land-Use/Land-Cover (LULC) (Tables A1 and A2), climate,
soil, and other data processing methods are obtained according to the requirements of the
InVEST model (Tables A3 and A4). Environmental factors in mountainous areas are ex-
tracted from elevation data. The mountain’s environmental factors include elevation, slope,
and aspect, which are obtained from DEM data. Vegetation cover in mountainous areas
is one of the main factors affecting ecosystem function; thus, the Normalized Difference
Vegetation Index (NDVI) was selected as an environmental factor.

Using the InVEST model as the main tool, we quantitatively evaluated the carbon
storage, water yield, soil retention, and habitat quality in Jieshi Mountain in 1980, 2000,
2010, and 2020, at the pixel scale (30 m × 30 m) [41], analyzed the spatial changes and
reasons in the four nodes, analyze trade-off and synergies effects, and explained the role of
mountain environmental factors in the trade-offs and synergies.

2.3. Ecosystem Service Indicators

The selection of ecosystem service indicators is very important for the accurate assess-
ment of ecosystem services [42]. Based on the principles of relevance to human well-being,
regionality, and data availability, we selected four important ecosystem services from the
Millennium Ecosystem Assessment (MA) classification framework, namely, carbon storage,
water yield, soil retention, and habitat quality, which have a great influence on human
well-being. We also considered the importance of water resources utilization and soil reten-
tion in the study area as a natural and cultural scenic spot and the surrounding counties
and towns within its radiation range. Cultural ecosystem services are mainly non-material
services, among which aesthetics, recreation, sports, and other services need to obtain
spiritual and emotional value through people’s experience, so it is difficult to quantitatively
evaluate. Therefore, the evaluation index of cultural services is not calculated in this study.

2.4. Trade-Offs and Collaborative Computing

Pearson correlation analysis was used to calculate the correlation between the four
ecosystem service indicators at different time nodes (1980, 2000, 2010, and 2020). In this
study, 2000 points were randomly selected at the pixel scale, and the value of each ecosys-
tem service indicator was extracted from the corresponding points for further correlation
analysis. Finally, the mountain environmental factors were aggregated to the correspond-
ing scale, and correlation analysis of the mountain environmental factors’ trade-offs and
synergies was carried out.

Based on the grid pixel scale (30 m × 30 m) of the service evaluation results, spatial
mapping of the relationship between ecosystem services in the Jieshi Mountain area was
carried out, and the Pearson correlation coefficient calculation formula was adopted as follows:

r =
∑ X × Y − ∑ X×∑ Y

n√(
∑ X2 − (∑ X)2

n

)
×
(

∑ Y2 − (∑ Y)2

n

) (1)
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In the formula, X is one ecosystem service, Y is another ecosystem service, n is the
number of years, in this formula n = 4. Substitute soil retention, carbon storage, water
yield, and habitat quality services into the formula for pairwise calculations. The correlation
coefficient was divided into six levels according to the strength of the trade-offs and synergies’
relationship. From high to low, these are: synergy++ (0.66–1.00), synergy+ (0.33–0.66), synergy
(0.00–0.33), and trade-off (−0.33–0.00), trade-off + (−0.66–0.33), trade-off ++ (−1.00–−0.66).
The spatial pattern of ecosystem service trade-offs and synergies in Jieshi Mountain from
1980 to 2020 was obtained, and the current spatial distribution map of land-cover types and
trade-offs and synergies in Jieshi Mountain was cross-tabulated to investigate the trade-offs
and synergies of various land-cover types.

3. Results
3.1. Spatial and Temporal Differentiation of Ecosystem Service Trade-Offs and Synergies

The carbon storage in most areas of Jieshi Mountain has not fluctuated greatly in
the last 40 years, and the changes mainly occurred in the eastern foot of Jieshi Mountain
(Figure 2). The carbon density of Jieshi Mountain is higher than that of the plain area. The
water yield in Jieshi Mountain is on the rise, and the rising speed from 2000 to 2020 is
faster than that from 1980 to 2000. The soil infiltration of different land-cover types and
vegetation cover types are the main factors forming the difference in water yield. Affected
by topography, the high-value areas of soil retention in the four-time nodes are all located
in mountainous areas, and a small portion is located in the eastern forest belt. The high
soil retention ability in these areas is mainly due to the important role of soil fixation by
vegetation coverage, such as forests and fruit trees. With the expansion of Changli County,
habitat degradation appeared in the south of the study area, and the highest habitat quality
was still in the high mountain areas of Jieshi Mountain. In 2020, the most significant change
occurred in the south of the study area, and the area of Changli County nearly doubled,
with the habitat quality index degraded to its lowest.

The area of trade-off area between carbon storage services and soil retention services
is larger than the synergistic area, and the number of pixels with a negative correlation
coefficient accounts for 65% of the total (Figure 3). The trade-offs mainly appear in the
east of Jieshi Mountain, while the synergies mainly appear in Changli County in the south
of the study area. The correlation coefficient between carbon storage services and soil
retention services is positive and high. The relationship between carbon storage services
and water yield services is mainly synergistic, and the number of pixels with a positive
correlation coefficient accounts for 76%, indicating that the synergies are more widely
distributed. The correlation between water yield service and soil retention service is that
the number of collaborative pixels accounts for 84.6% and the number of trade-off pixels
accounts for 15.4%. The area of the collaborative relationship between the two services is
larger than that of the trade-off. The relationship between habitat quality and water yield
is mainly synergistic, which is mainly distributed in Funing District at the eastern foot of
Jieshi Mountain and Liangshan Township in Changli County, around Changli County, and
other areas, with a small amount distributed in the western foot of Jieshi Mountain. There
is a trade-off relationship between habitat quality and water yield from the rural residential
area of Xingshuyuan Village to Wufeng Mountain. The relationship between habitat quality
and carbon storage service is mainly synergistic, which is mainly distributed in Funing
District at the eastern foot of Jieshi Mountain and Liangshan Township of Changli County,
around Changli County, and other areas, with a small amount distributed in the western
foot of Jieshi Mountain. Trade-off areas are very few and are only sporadically distributed.
The relationship between habitat quality and soil retention services has the most trade-offs
and is mainly distributed in Funing District at the eastern foot of Jieshi Mountain and
Liangshan Township in Changli County, and the synergies between habitat quality and soil
retention services are stronger in a few areas around the county.
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Figure 3. Spatial and temporal differentiation of ecosystem service trade-offs and synergies (a1–a6):
Ratio of tradeoffs and synergies between two ecosystem services in different land-cover types and
spatial pattern of tradeoffs and synergies. (b): Area of tradeoffs and synergies between two ecosystem
services in different land-cover types.).

3.2. Trade-Off and Synergy Differences of Ecosystem Services in Different Land-Cover Types

Through quantitative analysis and the spatial distribution calculation of four key
ecosystem service trade-offs in the study area, the main relationship between carbon storage
and soil retention services is a trade-off, and the main relationship between water yield and
soil retention services is synergy. (Figure 4) Carbon storage services and water yield services
differ in different land-cover types. Habitat quality has a synergistic relationship with
carbon storage and water yield, and a trade-off relationship with soil retention. Built-up
land, water area, and cultivated land have the highest synergy in the relationship between
carbon storage and water yield services, forest land and grassland have the highest synergy
in the relationship between water yield and soil retention, and grassland and other land
have a similar synergy in the relationship between carbon storage—water yield services
and water yield-soil retention. The trade-off relationship between carbon storage and soil
retention, habitat quality, and soil retention services are dominant in all five types of land
cover. As one of the mainland-cover types, forest land patches are very important for
soil retention and carbon storage services in the Jieshi Mountain area and will continue to
maintain a high level of service provision when without a strong interference.
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3.3. Correlation between Mountain Environmental Factors and Ecosystem Service Trade-Offs and
Synergies

According to the scatter diagram (Figure 5) of the correlation coefficients between
four important mountain environmental factors and ecosystem services, pairwise service
correlation does not show a ladder effect on mountain altitude, so altitude gradient cannot
be the focus of discussion in the collaborative study of ecosystem service trade-off for
mountains with similar climatic conditions (low altitude and height difference within;
700 m). Although there is no ladder effect, the synergistic degree of habitat quality–water
yield and soil retention–water yield decreases with the increase in elevation. The change
in NDVI had a significant influence on the trade-offs and synergies of habitat quality–soil
retention and carbon storage–soil retention, but the influence was weak. The correlation
between two services is evenly dispersed in slope but does not show aggregation in one or
more slope aspects. This result may be related to the accuracy of basic data on ecosystem
service assessment, and the low-precision data may not be able to accurately respond to
some small-scale slope and aspect differences. Habitat quality–water yield and carbon
storage–water yield has a strong synergistic relationship in gentle slope mountains and
plain areas, while only water yield–soil retention has a high synergistic tendency in steep-
slope mountains.
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4. Discussion
4.1. Spatial and Temporal Differentiation of Ecosystem Service Trade-Offs and Synergies

From the comprehensive perspective of the main indicators, the changes in soil reten-
tion, carbon storage, water yield, and habitat quality in the Jieshi Mountain area from 2000
to 2020 were generally greater than those from 1980 to 2000, and the change rate is visibly
accelerated in the 21st century. The spatial pattern of soil retention and carbon storage
services basically remained unchanged from 1980 to 2020, and the high-value areas were
all located in the Jieshi Mountain area.

In the static reference system, although the relationship between ecosystem services
fluctuates in different years, they are all statistically positive, indicating that there is a
strong aggregation of ecosystem services at the pixel scale. This aggregation is the strongest
between carbon storage and habitat quality and water yield. The driving factors of carbon
storage mainly depend on land-cover types, while the driving factors of habitat quality and
water yield are relatively complex. The high correlation with carbon storage may mean that
land-cover heterogeneity plays a key role between them. At present, whether land types
will determine the difference in ecosystem service supply has not yet been determined [43],
and we cannot optimize ecosystem services only through land-cover adjustment. Therefore,
it is necessary to further clarify the trade-off and synergies ratio of ecosystem services of
various land-cover types, to better provide decision support for land management.

The trade-offs and synergies of ecosystem services are a dynamic relationship, and
both the trade-off effect and synergy effect (synchronous growth or decline) need to be
expressed through the time dimension. Differing from all positive correlations among static
ecosystem services, some trade-offs appeared in the spatio-temporal correlation analysis,
and the trade-offs between carbon storage–soil retention and habitat quality–soil retention
was strong, and the area ratio was relatively high, which indicated that there were complex
interactions among these services [44]. The basic data for evaluating each ecosystem
service are different. Spatio–temporal correlation analysis is also convenient to extract the
influencing factors that weigh the synergistic effect. The trade-offs between carbon storage
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and soil retention mainly appear in the eastern foot of Jieshi Mountain, and the land cover
in this area changed significantly from 1980 to 2020. Although precipitation, an important
factor affecting soil retention level, fluctuated over four-time nodes, it was not significantly
reflected in the overall trade-off and synergy relationship. A synergistic relationship was
found between water yield and other ecosystem services, which confirms that water, as
one of the key factors, plays an important role in maintaining other ecosystem services.
This finding deviates from the assumption that there is a trade-off between provisioning
services and the other three service categories [17], which means that, when evaluating the
different geographical features or ecosystems, a specific analysis of service indicators is
needed to draw targeted conclusions.

4.2. Trade-Offs and Synergies Differences in Land-Cover

Most residents living in mountainous areas in China interact with their ecological
environment for a long time. The land-cover change brought by this interaction reflects
the result of human society’s bilateral selection with nature, and the relationship between
human beings and nature reaches a dynamic balance in this process. Jieshi Mountain is
dominated by woodland, cultivated land, and grassland, which is consistent with the land
composition of typical mountainous areas in China [24].

We found that the trade-offs and synergies of ecosystem service are different among
different land-cover types in the Jieshi Mountain area. At present, cultivated land ac-
counts for the largest proportion, and the delivery of regulating services will be the key
to transforming the trade-offs into synergies among the agricultural landscape [45]. The
optimization of ecosystem spatial patterns based on the trade-offs and synergies of ecosys-
tem service in the Jieshi Mountain area can effectively improve the comprehensive benefits
of multi-ecosystem service in the region. There is a weak tradeoff between soil retention–
habitat quality and soil retention–carbon storage in all land types except built-up land,
which means that the maintenance and promotion of soil retention services may affect the
supply of other services. Soil is an important basis for biological activities; therefore, stone
mountains with a thin soil layer, such as Jieshi Mountain, need to pay special attention to
soil retention services and fully consider the trade-off effect between soil retention services
and other services, in order to resist the greater impact of land-cover changes on forest
vegetation in high-altitude areas [32].

Since the beginning of the 21st century, China’s urbanization process has accelerated,
and how to balance the ecological environment and social and economic development has
become a point of concern. The discussion of countermeasures mainly focuses on improving
land-use efficiency, implementing the supervision of cultivated land expropriation, and
improving land use mode [46]. The factors affecting the change in cultivated land involve
many aspects, such as population, social economy, agricultural system, natural disasters,
and ecological construction [47]. The coupling between cultivated land and social economy
is multifunctional [48], and the relationship between ecosystem services of cultivated land
and social economy, primary industry, and other factors shows a coordinated development.
The urban expansion in the Jieshi Mountain area encroached on a large amount of cultivated
land, and the planting area of grapes and other fruits expanded, while the cultivated
land area greatly decreased. In addition, rural hollowing and other problems lead to the
abandonment of some cultivated land, which is also one of the driving forces for the decline
in food supply and service capacity. The conversion of cultivated land to urban construction
land in the Jieshi Mountain area can be found to reduce the regional habitat quality and
shorten the buffer space between city and mountain forest land, which poses a threat to
the ecosystem with the highest habitat quality such as forest land. To reduce the impact of
high threat factors such as urban and rural construction land on forest habitat, we suggest
making full use of abandoned cultivated land, integrating the scattered hedges, green
spaces, and shelterbelts, increasing the patch area of forest land, forming an ecological
corridor network system, enhancing the continuity of ecological functions, and building a
regional ecological environment quality control system.
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The land-cover pattern is the result of the comprehensive action of local natural, social,
economic, and other factors, so there must be differences and even conflicts between land
use and demand caused by the different interests of stakeholders [49]. As human land
use will affect land the ecosystem and, thus, the ecosystem services [9], in the analysis
of the trade-off and synergy phenomenon of ecosystem services caused by land-cover
changes, the interests of different stakeholders for the land should also receive attention. In
addition, in the decision-making regarding ecological restoration, the non-market value
of eco-system services obtained by stakeholders is an important part of the cost–benefit
analysis and land investment evaluation [50,51].

4.3. Trade-Offs and Synergies of Mountain Ecosystem Service

With the development of human society and the continuous expansion of urban and
rural areas, urban and rural areas gradually extend to mountainous areas, and the impact
of urban ecological environment problems on mountainous areas becomes more prominent.
The mountain ecosystem is characterized by its fragility and sensitivity. On the one hand,
compared with plains, the mountain landscape shows more characteristics of dynamic
mosaic patches, showing a de facto unbalanced landscape. On the other hand, the narrow
range of ecological transition zones between different vertical height zones also causes
ecological fragility. When facing natural and human disturbance, the critical ecological
transition zone shows a low anti-interference ability, which is more fragile than the stable
zone. This fragility is reflected by the fact that soil erosion easily occurs after vegetation
destruction. It is very difficult to restore the ecosystem after soil erosion on hillsides with
large slopes, especially mountains with a thin soil layer such as Jieshi Mountain.

We found that there are multiple correlations between the mountainous environmental
factors in ecological service trade-offs and synergies. Jieshi Mountain is a low-altitude
mountain, and there is no distinct elevation gradient difference in the vertical direction.
Therefore, in the study of ecosystem services in mountainous areas with similar climatic
conditions, a small elevation difference, and altitudes below 700 m, the altitude gradient ef-
fect cannot be taken as an important research content; however, for low-altitude near-urban
mountainous areas, we should still pay attention to the trade-offs and synergy differences
in the ecosystem services formed by the change in altitude, because the land cover in
these areas is more vulnerable to the impact of human activities on social development.
The trade-off between habitat quality and water yield has no significant correlation with
mountain elevation, but the synergy degree does decrease with the increase in elevation,
which means that there may be conflicts between biological habitat and water production
function in high-altitude areas. The trade-off between habitat quality and soil retention
is mostly concentrated in the lower-altitude area, which is less sensitive to soil retention
than the high-altitude mountain area, so the improvement in soil retention services in low
altitude areas has a less negative impact on other services. This is in line with the basic
characteristics of the coexistence of the vertical and horizontal spatial heterogeneity of
ecosystem service supply in mountainous areas [25].

The slope aspect is an important topographic factor affecting the microclimate. Af-
fected by environmental factors such as illumination and rainfall, mountain vegetation
and soil show certain differences in different slope aspects. Specifically, in ecosystem
services, habitat quality–soil retention, carbon storage–soil retention on the southern slope
of Jieshi Mountain tend towards a slight trade-off. When carrying out land management
and tourism development with mountains as the main resources, it is necessary to fully
recognize the unique ecological environment and geographical characteristics of the Jieshi
Mountain area, optimize the horizontal and vertical structure of vegetation, adjust the
regional climate to conserve soil and water by promoting the material circulation and
exchange of plants, soil and atmosphere, and enhance the ability to resist natural disasters.
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5. Conclusions

Based on the evaluation of ecosystem services in the Jieshi Mountain area and the
comprehensive analysis of the spatial and temporal patterns of trade-offs and synergies,
we identify the spatial differentiation of trade-offs and synergies of four key ecosystem
services. Through the analysis of land-cover types, it can be seen that built-up land, water
areas, and cultivated land have the highest synergy in terms of the relationship between
carbon storage and water yield services, and woodland has the highest synergy for the
relationship between water yield and soil retention. This means that the ecosystem service
conflict ebetween woodland, cultivated land, and built-up land in the Jieshi Mountain area
is low. In the utilization and management of land resources, measures such as utilizing
abandoned cultivated land, integrating scattered green space, increasing forest land patches,
and constructing an ecological network can maintain or promote this synergistic effect, so
as to improve the overall performance of ecosystem services. In addition, we try to analyze
the key environmental factors in trade-offs and synergies. Although the gradient effect is
not remarkable in Jieshi Mountain, a low-altitude mountain, there are different correlations
between ecosystem service trade-offs and synergies among mountain environmental factors,
with altitude having a higher influence on synergy. The synergy between habitat quality
and water yield decreases with the increase in elevation.

Quantifying the trade-off relationship between ecosystem service changes is an im-
portant way of comparing different planning and management strategies. Planning and
management strategies need to be implemented through specific means, such as land
consolidation and environmental element re-planning. Land-cover types and mountain en-
vironmental factors are important factors affecting the trade-off and synergy of mountain
ecosystem services. The stability and security of the whole ecosystem can be improved and
the comprehensive value of ecosystem services can be maximized through the rational trans-
formation and spatial pattern optimization between woodland, cultivated land, and built-up
land, as well as topographic consolidation and vegetation maintenance and management.
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Appendix A. Satellite Image Selection and Interpretation

Based on the satellite shooting time (from June to September of the growing season),
cloud coverage, resolution, and other conditions, the historical images of Landsat TM
satellite in 1980, 2000, 2010, and 2020 were selected, covering 118.50 in the west, 119.89 in
the East, 40.64 in the north and 39.40 in the south (Table A1). ENVI 5.1 software was used,
which respectively carries out orthophoto correction on the multispectral and panchromatic
data of satellite images. After automatic registration, the low-resolution multispectral data
were fused after orthophoto correction based on the high-resolution panchromatic data to

http://www.gscloud.cn/
http://data.cma.cn/
http://www.fao.org/soils-portal/soil-survey/soil-maps-and-databases/harmonized-world-soil-database-v12/en/
http://www.fao.org/soils-portal/soil-survey/soil-maps-and-databases/harmonized-world-soil-database-v12/en/
https://www.fao.org/statistics/en/
https://www.ipcc.ch/report/2019-refinement-to-the-2006-ipcc-guidelines-for-national-greenhouse-gas-inventories
https://www.ipcc.ch/report/2019-refinement-to-the-2006-ipcc-guidelines-for-national-greenhouse-gas-inventories
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obtain the high-resolution multispectral data. Then, the Quac module of ENVI was used
to complete the atmospheric correction process of remote sensing images, and the land
cover was cut through the boundary mask of the study area. Referring to the first-class
classification standard in the national standard classification of land-cover status (GB/T
21010-2017), the study area was divided into five categories: cultivated land, woodland,
grassland, built-up land (including urban, transportation, commercial service, industrial
and mining storage land) and water area (Table A2). Using ENVI supervised classification,
five regions of interest (ROI) training samples were created for manual sample selection.
The separability between samples was greater than 1.8, which belonged to qualified samples.
Support vector machine classification (SVM) was selected for classification, and the accuracy
of the classification results was verified by the confusion matrix, which was more than 80%.
Finally, the classification results were imported into ArcGIS 10.2. Post-editing was carried
out and detailed adjustments were completed.

Table A1. Satellite image selection.

Year Satellite Date Resolution (m) Cloudcover (%) Overall
Accuracy (%)

1980 Landsat3 19 August 1980 80 0 81.84
2000 Landsat7 19 June 2000 30 0 80.69
2010 Landsat7 2 August 2010 30 0.03 83.03
2020 Landsat8 20 July 2020 30 0.05 81.25

Table A2. Classification of the land-use/land cover (LULC) of Jieshi Mountain.

LULC_ID First Class Name Second Class Name

1 Cultivated land Paddy field, dry land
2 Woodland Woodlands, shrubs, open woodlands, other woodlands

3 Grassland High coverage grassland, medium coverage grassland,
and low coverage grassland

4 Water area Rivers and canals, reservoirs, ponds, beaches, and beaches
5 Built-up land Urban land, rural residential areas, the construction land

Appendix B. Ecosystem Service Indicators and Mountain Environmental Factors

Table A3. Ecosystem service indicators and mountain environmental factors.

Type Dimension Indicator Required Data

Provisioning Services freshwater Water yield (WY)

LULC; Root Restricting Layer Depth; annual
precipitation; plant available water content; annual

average reference evapotranspiration; maximum root
depth of vegetation coverage; plant
evapotranspiration coefficient (Kc)

Regulating Services Climate regulation Carbon storage (CS) LULC; carbon pools

Soil formation Soil retention (SR)

LULC; Digital Elevation Model (DEM), rainfall
erosivity index (R), soil erodibility factor (K),

watersheds, cover-management factor (C); support
practice factor (P)

Supporting Services Habitat support Habitat quality (HQ) LULC, Threat factors

Mountain
environmental factors

topography Elevation DEM
topography Slope degree DEM
topography Slope aspect DEM
Vegetation NDVI Satellite Multispectral Image
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Appendix C. Accuracy and Availability of Basic Data

Table A4. Accuracy and availability of basic data.

Basic Data Processed Data Application Type Resolution Source

Satellite image LULC WY; SR; CS; HQ Raster data 80 m; 30 m
Geospatial data cloud:
www.gscloud.cn/ (accessed on 15
March 2021)

Precipitation
Precipitation; Reference
evapotranspiration; rainfall
erosivity factor (R)

WY; SR Digital data -
China Meteorological Data
Network: http://data.cma.cn/
(accessed on 21 January 2021

Soil
Root Restricting Layer Depth;
Plant available water content;
soil erodibility factor (K,)

WY; SR Raster data 1000 m

HWSD (Harmonized World Soil
Database):
http://www.fao.org/soils-
portal/soil-survey/soil-maps-
and-databases/harmonized-
world-soil-database-v12/en/
(accessed on 16 December 2020)

DEM DEM; watersheds WY; SR Raster data 30 m
Geospatial data cloud:
www.gscloud.cn/ (accessed on 3
January 2021

Plant/crop
plant evapotranspiration
coefficient (Kc); maximum root
depth of vegetation coverage

WY Digital data -

FAO (Food and Agriculture
Organization of the United
Nations): https:
//www.fao.org/statistics/en/
(accessed on 18 December 2020)

Carbon pools Carbon pools CS Digital data -

IPCC (Intergovernmental Panel
on Climate Change):
https://www.ipcc.ch/report/20
19-refinement-to-the-2006-ipcc-
guidelines-for-national-
greenhouse-gas-inventories/
(accessed on 3 December 2020)
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